Endometriosis, the presence of ectopic endometrial tissue, is a common disease associated with high morbidity and socioeconomic problems. Angiogenesis, the formation of new blood vessels, plays an important role in the formation and growth of endometriotic lesions. We have created a novel, noninvasive model to monitor the growth of these lesions and the associated angiogenesis in vivo. First, we generated luciferase-expressing transgenic mice by inserting the human ubiquitin C promoter coupled to the firefly luciferase reporter. Injection of luciferin in these mice causes full-body bioluminescence, which can be detected using a lowlight CCD camera. Endometrial tissue from these transgenic mice was surgically implanted into nonluminescent recipients. Bioluminescence of lesions was noninvasively imaged after intravenous or intraperitoneal injection of luciferin. Transabdominal luminescence compared well with the location of the transgenic endometriotic lesions, and lesion size correlated with the intensity of luminescence. Systemic treatment with the angiogenesis inhibitors caplostatin and endostatin peptide mP-1 delayed and suppressed the onset and intensity of the luminescent signal. Caplostatin suppressed the growth of endometriotic lesions by 59% compared with controls. This novel, noninvasive model of endometriosis provides a means to study early angiogenesis in vivo and to monitor endometriotic growth and the efficacy of systemic antiangiogenic therapy.
Endometriosis, the presence of ectopic endometrial tissue, is a common disease associated with high morbidity and socioeconomic problems. Angiogenesis, the formation of new blood vessels, plays an important role in the formation and growth of endometriotic lesions. We have created a novel, noninvasive model to monitor the growth of these lesions and the associated angiogenesis in vivo. First, we generated luciferase-expressing transgenic mice by inserting the human ubiquitin C promoter coupled to the firefly luciferase reporter. Injection of luciferin in these mice causes full-body bioluminescence, which can be detected using a lowlight CCD camera. Endometrial tissue from these transgenic mice was surgically implanted into nonluminescent recipients. Bioluminescence of lesions was noninvasively imaged after intravenous or intraperitoneal injection of luciferin. Endometriosis, the presence of endometrial tissue outside the uterine cavity, is a common disorder in women. It is estimated that 10 to 15% of women of reproductive age suffer from this disease. 1 The condition is associated with dysmenorrhea, abdominal pain, dysuria, and dyschezia. In addition, infertility has been reported in more than 30% of women affected with the disorder. 2 Endometriosis is considered to be an estrogen-dependent disease because women are almost exclusively affected between menarche and menopause. Despite the high prevalence and the incapacitating symptoms, which are associated with significant interpersonal problems and socioeconomic losses, the pathogenesis of endometriosis remains unsolved.
Sampson's 3 description of retrograde menstruation as the driving mechanism for implantation of shed viable endometrial tissue into ectopic sites is currently widely accepted in the field. Endometriosis could be induced in women after intraperitoneal injection of their own menstrual blood. 4 However, there are a few inconsistencies in this theory. Menstrual blood can be found in more than 90% of women during laparoscopic surgery performed during menses. 5 In addition, endometriotic lesions have been found in premenarcheal girls and in rare cases in male patients. 6 -8 Other hypotheses that have been proposed include metaplasia of coelomic epithelium, 9 hematological and lymphogenic spread, 10 and remnants of the Mü llerian duct. 11 More recently, molecular concepts have been introduced to explain the pathogenesis of endometriosis. It has been reported that impaired immunity may be responsible for the local attachment and invasion of endometrial tissue. 12, 13 Aromatase was found to be overexpressed in endometriotic lesions, while at the same time, production of 17-␤-hydroxysteroid dehydrogenase type 2 is reduced. 14, 15 As a result, locally elevated estradiol levels lead to a further stimulation of aromatase via increased prostaglandin E 2 concentrations. 16, 17 Despite the various hypotheses about the mechanisms responsible for the development and progression of endometriosis, it is widely accepted that angiogenesis, the formation and sprouting of new blood vessels, plays an essential role in the growth and survival of endometriotic lesions. 18 -23 Angiogenic cytokines are elevated in the peritoneal fluid, serum, and endometriotic tissue of women suffering from the disease. 19,24 -29 Our laboratory has found a large spectrum of angiogenic responsiveness between different strains of mice. 30 -32 This diversity is due to polymorphisms that alter genes involved in angiogenic pathways. 33 We expect that this same range of genetically controlled diversity exists in humans. Thus, we speculate that endometriosis arises when retrograde menstruation occurs in a woman who also has high angiogenic responsiveness and therefore can support the implantation and growth of these lesions.
Recently, antiangiogenic therapy has been demonstrated to be efficient in suppressing the development of endometriotic lesions in rodent models. 34 -38 We have shown that treatment with the endogenous angiogenesis inhibitor endostatin, a proteolytic fragment of collagen XVIII, or two 27-amino acid peptides of endostatin inhibit the growth of endometriotic lesions in mice without toxic side effects on reproductive function. 39, 40 Immunohistochemical studies of blood vessels in endometriotic tissue show that new blood vessels appear in the lesion after about 1 to 2 weeks. 41, 42 However, there has been a lack of animal models of endometriosis to continuously monitor the efficacy of therapy, particularly antiangiogenic therapy.
Recently, mouse models of endometriosis using tissue that expresses green fluorescent protein (GFP) have been described. [43] [44] [45] However, the use of these models is limited due to the emission spectrum of GFP and poor tissue penetration of the relatively short wavelength light. Both transgenic GFP murine tissue and human endometrium infected with adenovirus carrying the gene for GFP requires opening of the abdominal wall to visualize intraperitoneal lesions, making serial imaging impossible. To circumvent this problem, the use of bioluminescence systems was suggested. 44 In our current study, we are reporting the use of endometrial tissue ubiquitously expressing luciferase in a novel model of surgically induced endometriosis. We generated transgenic mice that express firefly luciferase. In these animals, the reporter gene for luciferase is linked to the ubiquitin C (UbC) promoter, driving expression of luciferase in all cells. Systemic injection of the substrate luciferin evokes a detectable and quantifiable light signal. We then transplanted transgenic endometrial tissue from these mice into nonluminescent recipients. By attaching luciferase-expressing tissue to the peritoneal wall of wildtype mice and injecting these animals with luciferin, we can serially monitor the initial implantation, the onset of angiogenesis, and tissue growth by noninvasive bioluminescence imaging. Finally, using this model, we can successfully monitor antiangiogenic therapy with caplostatin, a nontoxic form of TNP-470 bound to a N-(2hydroxypropyl)methacrylamide (HPMA) copolymer.
Materials and Methods

Animal Handling and Generation of Transgenic Mice
All animal work was performed in the animal facility at Dana Farber Cancer Center (Boston, MA) in accordance with federal, local, and institutional guidelines. Eightweek-old female mice (NOD-SCID and C57BL/6-Tyr C ; Jackson Laboratories, Bar Harbor, ME) and transgenic, luciferase-expressing mice were caged in groups of five with free access to chow and water and acclimated for 1 week. All surgical procedures and imaging were performed under inhalation anesthesia with isoflurane (Baxter, Deerfield, IL), and mice were observed until fully recovered.
The transgenic mice were generated as follows. The coding region for firefly luciferase from pGL3-Basic (Promega, Madison, WI) was cloned downstream of the human UbC promoter in pUB6/V5-HisA (Invitrogen). After restriction enzyme digestion, a fragment containing the UbC promoter, luciferase, and polyadenylation signal was gel purified. Transgenic mice were generated by standard pronuclear injection into C57BL/6 embryos. Transgenic founders were identified by polymerase chain reaction (PCR) of tail biopsy DNA using primers specific for the firefly luciferase gene. Offspring of positive founders were imaged using the In Vivo Imaging System (IVIS; Xenogen, Alameda, CA), and the most highly luminescent transgenic line was backcrossed to C57BL/6-Tyr C mice to achieve an albino line. Mice were subsequently propagated by intercrossing to achieve homozygous transgenic mating pairs.
Surgical Procedure
Endometriotic lesions were surgically induced as previously described using a modified form of an established model 39,40,46 -48 (Figure 1B ). In brief, we removed both uterine horns of transgenic UbC-Luc ϩ/ϩ mice under anesthesia. In a Petri dish containing warmed Dulbecco's modified Eagle medium F-12 (Gibco, Grand Island, NY) supplemented with 100 U/ml penicillin and 100 g/ml streptomycin (Gibco), we opened the uterine horns longitudinally with a pair of scissors. Then, using a 2-mm dermal biopsy punch (Miltex, Bethpage, NY), we removed tissue samples and subsequently sutured four of them to the peritoneal wall of anesthetized NOD-SCID or C57BL/6-Tyr C mice through a midline incision (7-0 braided silk suture; Ethicon, Somerville, NJ). To avoid overlap of luminescence, one lesion per quadrant was attached using this technique. The abdominal incision was then closed with a 5-0 braided silk suture (Ethicon) in a continuous fashion.
Treatment with the Angiogenesis Inhibitors
TNP-470 was a generous gift from Takeda Chemical Industries Ltd. (Osaka, Japan). HPMA copolymer precursor was purchased from Polymer Laboratories (Church Stretton, UK). Caplostatin, a nontoxic form of TNP-470 conjugated to a HPMA copolymer-Gly-Phe-Leu-Gly-ethylenediamine, was synthesized as previously described. 49, 50 Murine endostatin peptide-1 (mP-1; SynPep Corporation, Dublin, CA) is an N-terminal, 27-amino acid synthetic peptide of endostatin, a proteolytic fragment of collagen XVIII. 51, 52 We have previously shown that the endostatin peptide mP-1 inhibits growth of endometriotic lesions. 40 Starting on the day after surgery, mice received subcutaneous injections of caplostatin (30 mg/kg TNP-470equivalent concentration) into the flank every other day or 2.8 mg/kg mP-1 via subcutaneous injection twice daily. Both compounds were dissolved in 0.9% saline. Control animals received subcutaneous saline injections twice daily. Body weight was monitored at each imaging time point.
In Vivo Imaging
Anesthetized mice were injected with 50 mg/kg D-luciferin (Promega) intravenously via the tail vein or intraperitoneally. Mice were kept warm on a warming blanket. After 2 (intravenous) or 5 (intraperitoneal) minutes, mice were imaged using the IVIS (Xenogen) for 120 seconds at bin size 4. To quantify bioluminescence, identical circular regions of interest were positioned to encircle each luminescent lesion, and the integrated flux of photons (pho- Figure 1 . Transgenic pUb-Luc ϩ/ϩ mice. A: Imaging of a wild-type mouse (a) and mice heterozygous (b) and homozygous (c) for luciferase expression. Imaging of uterine tissue in a 96-well plate with luciferin (d) taken from a wild-type mouse (left well) and from a pUb-Luc ϩ/ϩ mouse (three wells to the right). Lesions were 2 mm (wild-type) and 1, 2, and 4 mm (luciferase positive) in diameter. B: Schematic illustration of procedure for the surgically induced endometriosis model (counterclockwise, beginning at top left). A uterine horn from a transgenic mouse expressing luciferase is removed; four 2-mm punches are taken in vitro and loosely attached to the peritoneal wall (one in each quadrant) of an anesthetized NOD-SCID mouse, and the abdominal of the recipient is closed. C: After luciferin is administered via intraperitoneal injection, luminescence can be detected using the IVIS imaging system. D: Same mouse as in C at necropsy. The location of the lesions corresponds with the detected luminescent signal. tons per second) within each region of interest was determined by using the Living Images software package (Xenogen). 53 Data were normalized to bioluminescence at the initiation of treatment for each animal.
To compare the intensity of the luminescent signal with the actual size of the lesions, a set of experiments was performed during which mice were imaged weekly and a group of mice was euthanized (n ϭ 5/week). At necropsy, endometriotic lesions were measured in two perpendicular diameters (D 1 and D 2 ) with a caliper, and crosssectional lesion area (CSA) was calculated using the formula for an ellipse (D 1 ϫ D 2 ϫ /4) as previously described. 39, 40, 47 Histology In a separate set of experiments, mice were treated with caplostatin or vehicle for 5 weeks. Mice were imaged at various time points. At necropsy, lesions were measured as described above. Subsequently, the lesions were excised including a peritoneal rim, fixed in zinc fixative (BD Biosciences Pharmingen, San Diego, CA) for 24 hours at room temperature, and then embedded in paraffin. Sections (5 m) were first stained with hematoxylin and eosin to evaluate tissue viability and quality. Microvessel density was determined by immunocytochemical staining using a horseradish peroxidase detection system (DAKO, Carpinteria, CA) with rat anti-mouse CD31 antibody (monoclonal, dilution, 1:250; BD Biosciences Pharmingen) according to the manufacturer's instructions. The slides were counterstained with hematoxylin. At low magnification (ϫ40), regions with the highest vessel density ("hot spots") were scanned as described by Weidner et al. 54 These regions were then counted at a ϫ400 magnification in a blinded fashion. Three different fields were randomly chosen and each counted twice. The average score was determined and used as the final value. 55 
Estrous Cycling
Two weeks after the initiation of treatment with caplostatin (n ϭ 4) or vehicle (n ϭ 5), we began daily vaginal smears of mice to determine whether the drug had any obvious adverse effects on the hormonal cycle. The same technique was used as described earlier. 39, 40 In brief, autoclaved blunt wooden toothpicks were carefully inserted through the vaginal orifice after being wetted in 0.9% saline. The superficial cell layers of the vaginal wall were carefully scraped, and the cells were immediately transferred into a drop of Evans Blue (Sigma, St. Louis, MO) in 0.9% saline on a histology slide. A glass coverslip was laid on top of the drop, and the cells were examined under a microscope (Carl Zeiss, Thornwood, NY) at ϫ100 magnification. Each slide was analyzed by two independent investigators who were blinded to the form of treatment and the previous data for each mouse. The procedure was performed on 11 consecutive days.
Statistical Analysis
For statistical analysis, GraphPad InStat and Sigma Stat statistics software packages were used. The CSA average of all seven lesions was taken as the animal mean, and the SD and SEM for all mice per group were calculated. Repeated-measures analysis did not show significance between within-animal lesions.
The least square means of the CSA for established lesions (lesions Ͼ0 mm 2 ) were compared among groups using one-way analysis of variance. When the overall analysis of variance indicated a significant F-test, pair wise comparisons among treatments with control mice were conducted using post hoc Dunnett test. Two-tailed values of P Ͻ 0.05 were considered statistically significant. Student's t-test and Wilcoxon rank sum test were used to compare CD31 counts.
Results
Transgenic UbC-Luc ϩ/ϩ Mice Ubiquitously Express Luciferase
Transgenic mice were generated as described. Because black fur attenuates light transmission, albino mice were generated by crossing transgenic founders to C57BL/6-Tyr C albino mice. As expected, luminescence was ubiquitous, and the degree of luminescence correlated with the zygosity of the animal for the transgenic cassette ( Figure 1A ). The transgenic line was maintained with homozygosity at the Tyr C and UbC-Luc transgenic loci. To show that uterine tissue of homozygous mice expressed the enzyme, we incubated endometrial fragments from a transgenic mouse with D-luciferin in a 96well dish ( Figure 1A ). Luminescence was clearly detectable from these lesions.
Transgenic Endometriotic Lesions Show Transabdominal Luminescence
Because black-or agouti-colored hair results in ϳ10fold reduction in transmitted luminescence (data not shown), we used albino mice as transplant recipients. C57BL/6-Tyr C and NOD-SCID albino mice were implanted with endometriotic lesions from C57BL/6-UbC-Luc ϩ/ϩ transgenic mice ( Figure 1B) . Transplanted recipients were imaged 2 weeks after surgery and before euthanasia at 4 weeks. After intraperitoneal injection of luciferin, luminescent spots could clearly be seen through the abdominal wall using the IVIS imaging system. These areas corresponded well with the location of the implanted lesions (Figure 1, C and D) . Interestingly, if a lesion was enclosed in an adhesion (for example by peritoneal fat) and thereby was not in contact with luciferin, no signal was seen. Therefore, mice were thoroughly scanned postmortem for the presence of lesions in the peritoneal cavity.
Luminescence Corresponds with Lesion Size
We were then interested to see whether luminescence increases over time. Mice were imaged once weekly after intraperitoneal injection of luciferin. Mean luminescence of luciferase-expressing lesions increased steadily over time (Figure 2A) . A similar incline in luminescence intensity was seen when mice were injected intravenously ( Figure 2B ). Groups of mice (n ϭ 5) were euthanized after each imaging time point. Mean lesion area as measured with a caliper also increased over time, correlating well with the intensity of the luminescence ( Figure 2C) .
Interestingly, we found that no signal was seen when luciferin was immediately injected intravenously on the day after surgery before angiogenesis could occur (Figure 3A) . However, luminescence emerged when mice were injected intravenously 3 days after surgery and increased thereafter. On the other hand, luminescence was clearly detected immediately after surgery when the same mice were injected with the substrate intraperitoneally, providing high local concentrations of luciferin to the lesions ( Figure 3B ).
Monitoring of Antiangiogenic Treatment
This noninvasive model of endometriosis may be used to monitor lesion growth during treatment with angiogenesis inhibitors. Therefore, in a first series of experiments, we treated mice with the angiogenesis inhibitors caplostatin and the endostatin peptide mP-1. In all groups, no signal was detected after intravenous injection of luciferin ( Figure 3A ) 1 day after surgery. As previously mentioned, luminescence after intravenous injection of luciferin occurred on day 3 after surgery and increased strongly on day 7. Treatment with the angiogenesis inhibitors mP-1 and caplostatin delayed the appearance and decreased the intensity of the signal on days 3 and 7 ( Figure 3 , A and C). This suggests that treatment with these angiogenesis inhibitors may inhibit early events underlying blood vessel sprouting.
Caplostatin Inhibits Growth of Endometriotic Lesions
We then investigated whether caplostatin would inhibit endometriotic growth. We have previously shown the inhibitory effect of the 27-amino acid endostatin peptide mP-1. 40 To noninvasively monitor lesion growth, we used the luciferase model. Intravenous injections of luciferin at various time points showed an increase in luminescence over time ( Figure 4A ). As predicted from our previous experiment, repeated caplostatin treatment over a period of 5 weeks significantly reduced the signal intensity of the transgenic luciferase-positive lesions ( Figure 4A ). After 35 days, measurement of the endometriotic lesions showed that antiangiogenic therapy with caplostatin had suppressed lesion growth by 59% (control: 4.23 mm 2 , SEM 0.65 versus 1.73 mm 2 , SEM 0.18, P Ͻ 0.001) ( Figure 4B ).
To prove that the inhibitory effect of caplostatin was not due to unspecific toxicity, eg, due to potentially unconjugated TNP-470 molecules, we measured the body weight of all mice at different time points. After an initial loss of body weight due to the surgery, all mice kept their weight throughout the treatment ( Figure 4C ). Caplostatin was previously shown to have no effect on body weight when injected to normal mice (ie, no surgery). 50 Free TNP-470 has been shown to suppress estrogen levels and cause detrimental effects in reproduction. To exclude that the inhibitory effect on the endometriotic lesions was due to suppression of the hormonal cycle, we performed daily vaginal smears in the middle of the study for 11 consecutive days. There was no difference in the number of estrus cycles of mice treated with caplostatin compared with control animals ( Figure 4D ). 
Caplostatin Decreases Microvessel Density in Endometriotic Lesions
After 5 weeks of caplostatin treatment, morphology of normal endometrium was preserved in the trans-planted lesions ( Figure 5, A and B) . To determine whether the detected inhibitory effect of caplostatin treatment on endometriotic growth was at least in part due to inhibition of angiogenesis, we counted microvessel density in endometriotic lesions after 5 Figure 5E ). The data indicate that caplostatin inhibits growth of endometriotic lesions by significantly reducing microvessel density (P Ͻ 0.003).
Discussion
Endometriosis is a highly prevalent disease associated with substantial clinical symptoms and socioeconomic effects. However, the pathogenesis of endometriosis still remains unclear. As a consequence, current medical treatment designed to suppress local and systemic estradiol levels is often associated with significant side effects and high recurrence rates. In addition, infertility, another clinical characteristic of endometriosis, is not decreased with medical therapy, and therapeutic suppression of estrogen production further prolongs the time during which fertilization cannot occur.
Therefore, it is of paramount importance to study new mechanisms involved in this disease in the expectation that this may eventually lead to new therapeutic approaches. Animal models are necessary to achieve this goal. In this study, we describe the generation of transgenic mice ubiquitously expressing luciferase. These mice were used to develop a new mouse model of endometriosis that can be used to noninvasively monitor lesion growth, the onset of angiogenesis and the response to antiangiogenic therapy.
Transgenic mice ubiquitously expressing the gene for luciferase were created by linking the gene to the ubiquitin C promoter. Mice containing both alleles of the luciferase gene produced a stronger luminescent signal after injection with luciferase than heterozygous animals. Using these homozygous animals, our goal was then to create a novel noninvasive model of endometriosis. Therefore, we transplanted transgenic luciferase ϩ/ϩ endometrial tissue into wild-type mice. Using an in vivo imaging system, we demonstrated that transplantation of transgenic, luciferase-expressing endometrial tissue could noninvasively be detected through the abdominal wall. In addition, we showed that the intensity of the luminescent signal correlates well with the lesion size. Hence, lesions can be monitored noninvasively over a period of at least 4 weeks. This could considerably reduce the number of animals necessary for a study, because it will become obsolete to sacrifice cohorts of animals for measurements of lesions at different time points. Recently, two models of endometriosis have been introduced where endometrial tissue was infected with GFP-expressing adenovirus. 44, 45 Fortin et al 44 monitored subcutaneous GFP fluorescent lesions, whereas Hirata et al 45 used a GFP lighting system at necropsy to identify lesions. However, because of the emission spectrum of GFP, it is currently not possible to reliably detect intraperitoneal endometriotic lesions. In addition, due to its transient nature, adenoviral infection of cells may cause fading fluorescence over time. One way to circumvent such obstacles could be the use of GFP-expressing lentivirus 56 or the transplantation of GFP-positive endometrial tissue from transgenic animals into wild-type mice. However, in our own experience we found that this approach does not provide satisfactory results to reliably monitor lesion growth in a noninvasive fashion (data not shown). Therefore, we believe that the luciferase model may be better suited for testing the efficacy of new drugs for the treatment of endometriosis. For any animal model, it is desirable to resemble the human condition as closely as possible. Unfortunately, neither mice nor rats develop spontaneous disease. Very recently, however, a mouse model has been described where local overexpression of the oncogene K-ras leads to extensive endometriotic lesions. 57 This elegant genetic model of endometriosis is of great interest because it is the first "spontaneous" mouse model of endometriosis. Yet, it has some limitations such as a long latency until the development of lesions (8 months) and only a 50% penetrance. 58 Unless these obstacles can be overcome, despite the advantages of being a spontaneous model, its widespread use will be difficult because of high costs for animals and drugs. However, based on the results with our luciferase model presented here, it may be interesting to incorporate in vivo imaging into the K-ras model. By breeding the genetically engineered K-ras mice to existing reporter mice in which luciferase is turned on by cre-mediated recombination, ie, lox-STOP-lox-luciferase, location and bulk of endometriosis lesions could be followed noninvasively. 59, 60 This would make such a resulting model attractive for drug testing because animals with established disease could be identified early and divided into treatment groups.
Underlying the establishment of the luciferase model described in this study is a modification of a rat and a mouse model. 46, 48 The advantage of the transplantation model is its high reproducibility, the well-defined and rather short time frame and the possibility to measure lesion growth. 39, 40, 47 In addition, bioimaging is now widely used for many applications such as oncology, gene expression, and immunology. [61] [62] [63] Implementation of this system should therefore be facilitated by the technical ease of the described procedures. We are aware of a possible downside of the transplantation model, which is that the suture disrupts the mesenthelial layer, thereby exposing the basement membrane of the peritoneum. Assuming that Sampson's 3 theory of retrograde menstruation and the attachment, invasion, and growth of endometrium is correct, it is conceivable that we are altering the "natural process" of endometriosis. However, our results, which demonstrated the first signs of angiogenesis about 3 days after transplantation correlate well with immunohistological studies from endometriotic lesions that were not attached surgically to the peritoneal wall. 35, 41, 42, 64 Others have transplanted human endometrial xenografts in mice without attaching it to the abdominal wall. 36, 65 Although this model mimics the adhesion of the lesions, we believe it is associated with other problems. For example, lesions may be missed because they often get stuck in the postsurgical adhesions that form. In addition, this model does not allow for exact measurement of lesion growth.
Our model described herein also allows the establishment of syngeneic lesions. Specifically, endometrial tissue harvested from C57BL/6-UbC-Luc ϩ/ϩ transgenic mice can be transplanted into co-isogenic C57BL/6-Tyr C recipient mice. However, we found that about 2 weeks after surgery, the intensity of the luminescence signal hematoxylin and eosin staining). C and D: Immunohistological staining of zinc-fixed, paraffin-embedded sections of endometriotic lesions (n ϭ 5 mice). Vessels were counted twice in three areas in every slide stained with CD31 and averaged. Detection with a biotinylated rabbit anti-rat antibody, horseradish peroxidase, and a 3,3Ј-diaminobenzidine chromogen (magnification, ϫ400); counterstaining with hematoxylin. Endometriotic lesion from a mouse treated for 5 weeks with saline (C) or caplostatin (D). E: Using the method of Weidner et al, 54 microvessel density was determined in endometriotic lesions after 5 weeks of systemic saline (control) or caplostatin treatment. Caplostatin treatment significantly (P Ͻ 0.003) decreased microvessel density in endometriotic lesions compared with lesions from control mice.
reached a plateau phase and decreased thereafter (data not shown). We believe that this phenomenon may be due to an immune reaction to luciferase in the transplanted tissue. When we repeated the experiments with NOD-SCID mice, the signal increased steadily over the time of surveillance (up to 5 weeks). Thus, for long-term experiments, SCID mice would be preferred.
Angiogenesis is now widely accepted to play a pivotal role in endometriosis. 23, 66, 67 Antiangiogenic therapy has therefore been suggested as a novel therapeutic approach. 18,34 -36,68,69 We have recently shown that both the endogenous angiogenesis inhibitor endostatin, a proteolytic fragment of collagen XVIII, and two synthetic peptides of endostatin inhibited growth of endometriotic lesions in a mouse model. 39, 40 In our current work, we generated a novel, noninvasive model to study angiogenesis in vivo. We were able to monitor angiogenesis in the endometriotic, luciferase-expressing lesions by injecting intravenous luciferin, the substrate for the enzymatic reaction. No luminescence was seen immediately after the surgery with intravenous luciferin, as expected, because no connection between the host's blood stream and the transgenic lesions existed. The first luminescence was noted after 3 to 4 days, at which time point first blood vessels may have sprouted from the peritoneal vessels into the transplanted lesions, supplying the luciferasecontaining cells with luciferin. These findings correlate closely with the immunohistochemical findings of Eggermont et al. 41 They and others describe the occurrence of earliest mouse blood vessels in human endometrium that had been inserted into the murine abdominal cavity 3 days after surgery. In our study, we systemically treated mice with the angiogenesis inhibitors mP-1 and caplostatin. MP-1 is a 27-amino acid fragment of the endogenous angiogenesis inhibitor endostatin. 52 In a recent study, we were able to significantly inhibit growth of endometriotic lesions in a similar, nonlabeled mouse model with mP-1. 40 Caplostatin is a nontoxic form of the highly potent angiogenesis inhibitor TNP-470. 70 It has been shown to inhibit angiogenesis in various tumor models and during liver regeneration. 50 In the current study, we show that treatment with either of these angiogenesis inhibitors delays the appearance of luminescence of the transgenic lesions, indicating that the model can be used to noninvasively monitor blood vessel sprouting.
An early event in angiogenesis consists of the extravasation of plasma and proteins through leaky blood vessels leading to the deposition of a fibrin-rich gel, which then promotes angiogenesis. 71 This process is probably induced by hypoxia in the transplanted lesions, which leads to the expression of vascular endothelial growth factor (VEGF), one of the most potent and well-studied pro-angiogenic cytokines. VEGF was originally described as vascular permeability factor (VPF) because of its strong permeabilizing effect on vessels. [72] [73] [74] VEGF/VPF plays an important role in endometriosis in human patients, and anti-VEGF therapy was successful in inhibiting establishment of endometriotic lesions in a mouse model. 26, 35 It is also possible that the inhibitory effect of caplostatin and the endostatin peptide mP-1 can in part be explained by an inhibitory effect on permeability. In fact, both caplostatin and mP-1 have recently been shown to suppress VEGF-mediated hyperpermeability in the Miles assay. 49, 52 We have previously shown that antiangiogenic therapy with endostatin inhibited the growth of fresh but not established endometriotic lesions. 39 Therefore, we began treatment in this study immediately after surgery. It is likely that there are two waves of angiogenesis occurring in this model. Initially, VEGF is likely to be up-regulated due to local hypoxia in the transplanted lesions that may prevail until a blood supply from the host is established. We clearly demonstrate that treatment with caplostatin or the endostatin peptide mP-1 delays the first wave of angiogenesis as shown by reduced luminescence. The inhibition of luminescence was detectable throughout the experiment (5 weeks). Microvessel density was significantly reduced by 30% at that time. Despite the fact that this may be the result of the initial delay in vessel growth during the 1st week, we believe that caplostatin inhibits angiogenesis even in established lesions. It should be noted that caplostatin does have an inhibitory effect in established mouse and human tumors. 50 Four weeks of treatment with caplostatin inhibited the growth of endometriotic lesions by 59%. The difference in luminescence intensity between vehicle and caplostatintreated mice continuously differed over time and was decreased by 66% at the end of the experiment. We were able to show that caplostatin treatment also decreased microvessel density in endometriotic lesions, also suggesting an antiangiogenic mechanism. In tumors, antiangiogenic drugs work through increasing apoptosis in tumor tissue indirectly via their inhibitory effect on the proliferating, oxygen-and nutrient-supplying endothelial cells. 75 It is possible that the demonstrated suppressive effect of caplostatin is due to a combination of antiangiogenic and permeability-inhibiting mechanism. 49 All mice initially lost weight after the surgical procedure. Caplostatin-treated mice weighed approximately 1 g less than control mice (data not shown) at the time of the procedure as a matter of chance. It is possible that these smaller mice were more vulnerable to the surgical procedure and therefore needed more time to recuperate. After 2 to 3 weeks, the weight differences were equalized. We have previously shown that higher doses of caplostatin did not have a negative effect on weight in mice. 50 We do not believe that the small difference in initial weight had any influence on the delayed angiogenic response in the caplostatin group because luminescence remained lower in this group throughout the study and immunohistochemical staining of the lesions showed a reduced microvessel count.
In summary, despite recent advances in the field, there still exists only a limited amount of knowledge about the underlying cause and pathophysiology of endometriosis. Part of this may be due to a lack of sufficient and adequate animal models. 76 Angiogenesis has been shown to play a role in endometriosis both in human disease and in animal models. We show that growth of endometriotic lesions and early angiogenesis can be monitored noninvasively using a model of luciferase transgenic mice. We believe that this model will facilitate testing the efficacy of drugs, which may eventually lead to the development of urgently needed new therapeutic approaches for women suffering from this disease. Caplostatin shows promise in this model, supporting a basis for clinical trials of endometriosis in humans.
